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incoming paternal elements in the
hybrid embryos [15].
Josefsson et al. [1] analyzed
activity of six normally silenced
transposons in A. thaliana x
A. arenosa hybrids. Strikingly,
they observed activation only of
paternally derived ATHILA
retrotransposons in the hybrids,
proportional to relative paternal
genome dose. Maternal ATHILA
elements and five other
transposons remained silent. The
authors point out that the
specificity of the activation is
consistent with the maternal
(A. thaliana) gamete containing
insufficient siRNAs to silence
paternal ATHILA elements, which
are present in higher copy number
in A. arenosa. Alternatively, they
suggest that A. thaliana siRNAs
might no longer recognize paternal
elements, as ATHILA sequences
have diverged in these species [1].
Either way, the silencing machinery
would not properly be directed
to paternal ATHILA elements,
resulting in their activation in the
hybrids.
It is tempting to think that
breakdown of similar siRNA-
mediated transposon silencing
mechanisms might underlie some
of the common features seen in
animal and plant hybrid
incompatibilities. Intriguingly,
siRNAs act as a defense
mechanism against viruses and
retroposons in both animals and
plants [16]. Recent evidence
indicates that components of
siRNA-mediated antiviral defense
pathways are among the fastest
evolving immune-related genes in
Drosophila species [17]. Rapid
divergence of genes involved
in siRNA-mediated silencing
may make these systems
especially prone to generating
incompatibilities between species.
The fact that divergence of gene
silencing regulation plays an
important role in many hybrid
incompatibilities has become
clear. Josefsson et al. [1] propose
that dosage-dependent chromatin
regulation could be universal; its
breakdown in hybrids could
cause fundamentally similar
incompatibilities in disparate
species. Given the parallels in gene
silencing and chromatin regulation
in diverse organisms, this is
a plausible and testable
hypothesis.
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Telomeres are nucleoprotein structures that shelter the ends of linear
chromosomes from being inappropriately recognized as DNA double-
strand breaks. New work has revealed that Apollo, a nuclease previously
implicated in DNA repair, also has a role in safeguarding telomeres
during S phase.Rachel K. Szilard
and Daniel Durocher
The protection of chromosome
end integrity is paramount for
overall genome stability. Without
dedicated protection, the ends
of linear chromosomes, the
telomeres, are identified by the
cell’s DNA damage surveillance
machinery as DNA double-strand
breaks, which can then lead to
many types of genome aberrations.
To overcome this peril, eukaryoticcells have evolved ‘capping’
mechanisms that hide telomeres
from the DNA repair machineries
[1–4]. Telomere capping is
orchestrated by proteins that bind
the tracts of repetitive DNA that
form the telomere (in mammals,
T2AG3 repeats). In mammalian cells,
these proteins are TRF1 and TRF2,
which bind to double-stranded
repeats, along with POT1, which
binds to single-stranded repeats.
These three proteins are part of
a protein complex, sometimes
Dispatch
R545referred to as the telosome [5] or
shelterin [4], which also includes
hRAP1, TIN2 and TPP1. These
latter proteins are recruited to the
chromosome end via their
interaction with the DNA-binding
components of shelterin [4].
In addition to possibly occluding
the paths of certain DNA repair
proteins to the chromosome end,
shelterin remodels the structure of
the telomere into a protected state.
Shelterin promotes the formation
of a terminal DNA structure termed
the t-loop, which arises from the
invasion of the duplex telomeric
repeats by the 30 end of the
chromosome [4,6]. The t-loop
tucks the chromosome end within
the telomeric duplex thus adding
another layer of control to telomere
capping. However, this structure
needs to be flexible as the t-loop
likely renders telomeres refractory
to DNA repair proteins and
telomerase alike [4]. Thus, during
or just following DNA replication,
telomeres may adopt a more open
state which allows them to be
extended by telomerase. Around
the same time, however, they
briefly become recognized as DNA
double-strand breaks [7]. This
latter event is likely to play an
important role in the processing
of chromosome ends and the
subsequent reorganization of the
telomere into a capped state. This
‘DNA damage phase’ of telomere
replication must be brief and highly
regulated in order to avoid
illegitimate chromosome
transactions. Therefore it is likely
that activities associated with
shelterin play a critical role in
regulating this potentially
dangerous phase of telomere
replication.
Three new reports [8–10],
including two recently published in
Current Biology [8,10], reveal that
SNM1B, a potential exonuclease,
plays a role in protecting telomeres
in S phase via its interaction with the
shelterin component TRF2. SNM1B
is a member of theb-CASP family of
nucleases [11]; it has previously
been associated with intrastrand
crosslink DNA repair [12] and is
closely related to Artemis, a protein
that plays an essential role during
non-homologous end joining and
V(D)J recombination [13]. Artemis,
like a number of other componentsof the non-homologous end-joining
repair pathway, also appears to
protect telomeres, as Artemis-
deficient cells show evidence of
telomere–telomere fusions [14].
To reflect the close relationship
between Artemis and SNM1B, the
latter was renamed after the god
Apollo, the twin brother of Artemis
in Greek mythology. This name is
especially fitting as ‘‘Apollo’’ is
believed to have originally meant
‘‘the Dispelling One’’; as described
below, this etymology nicely
embodies a function of Apollo in
warding off DNA damage at
telomeres.
In the studies published recently
in Current Biology [8,10], Apollo
was identified as a factor that
associates either with TRF2 or
hRAP1. The interaction is likely to
be direct, as Apollo was isolated
in a yeast two-hybrid screen using
the amino terminus of TRF2 as
bait [10]. The interaction data are
also consistent with Apollo forming
a subcomplex with TRF2 and
hRAP1, as Apollo only minimally
interacts with the other
components of shelterin [8]. This
putative Apollo–TRF2–hRAP1
complex is unlikely to be abundant,
as Apollo is an exceptionally
elusive protein; indeed, in four
independent studies, Apollo was
not sufficiently abundant to be
detected by immunofluorescence
or immunoblotting [8–10,12],
leaving no other choices than
employing epitope-tagged
versions of Apollo for functional
studies. In keeping with the
observed strong interaction with
TRF2, tagged Apollo was found
to localize to telomeres in
a TRF2-dependent manner [8–10].
Clues to the role of Apollo at
telomeres came from depletion
experiments employing RNA
interference. Knockdown of
Apollo levels in human fibroblasts
resulted in a progressive loss
of proliferative potential
reminiscent of cellular senescence.
The observed expression of
senescence-associated
markers substantiated this notion
and further suggested that
Apollo-depleted cells experience
DNA damage or a DNA damage
signal [8]. This possibility was
confirmed by immunofluorescence
experiments which detected theDNA repair and signaling protein
53BP1 as well as phosphorylated
histone H2AX (gH2AX) in
subnuclear foci that are typically
associated with DNA double-
strand breaks. Furthermore,
colocalization studies with
telomere markers indicated that
the DNA damage occurred
preferentially — though not
exclusively — at telomeres.
Therefore, Apollo appears either
to protect telomeres or to silence
some DNA damage signaling
events.
Intriguingly, transformed cells
did not display evidence of
senescence and showed a blunted
increase in the manifestation of
DNA damage foci following
knockdown of Apollo [10]. Whether
this is due to cell type, levels of
Apollo depletion, telomerase
expression or other factors
remains to be addressed.
Nevertheless, depletion of Apollo
was also carried out in transformed
cells expressing TRF2DBDM,
a dominant-negative form of TRF2
that compromises telomere
integrity [15]. In these cells,
down-regulation of Apollo
exacerbated phenotypes known
to be associated with TRF2DBDM
expression, including the
recruitment of 53BP1, the
formation of TRF2DBDM-dependent
telomeric fusions and loss of
proliferation [10]. These results
indicated that Apollo and the
activities disabled in the TRF2DBDM
mutant cooperate to maintain
telomere integrity.
The response to Apollo depletion
was not homogeneous, with only
20% of the cells exhibiting DNA
damage foci at telomeres [8,10].
This observation implies that the
DNA damage signal may only
occur during a specific phase of
the cell cycle and, indeed, there
was remarkable association
between telomeres with DNA
damage foci and DNA replication
[8]. Therefore, the function of
Apollo is likely to be related to
the management of telomeric
end structure during DNA
replication.
Collectively these new results
support the idea that Apollo is
a TRF2-associated protein,
localizing to telomeres and
participating in their protection
Animal Evolution: When Did the
‘Hox System’ Arise?
The origins of the Hox gene clusters and their coordinated activities
during development have long been of considerable interest to
biologists. In a recent paper inCurrent Biology, the Hox-like genes of two
cnidarians are interpreted as evidence that the ‘Hox system’, sensu
stricto, originated after the split from the lineage leading to bilaterian
animals and that it was not requisite for complex axial patterning.
Chris T. Amemiya1
and Gu¨nter P. Wagner2
Hox genes are critical for the
development of animals and are
highly and widely conserved. The
fact that Hox genes are found in
animals with radically different
body plans offers an opportunity
to understand the nature of
diversification of these body plans
from a common ancestor. The
intimate involvement of Hox genes
in positional specification and axial
patterning during development and
the bizarre homeotic phenotypes
observed upon perturbation of
Drosophila Hox genes have led to
many ad hoc hypotheses regarding
their potential roles in the evolution
of animals, including the idea that
mutations with major effects
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solely reducing the expression of
Apollo was found not to result in
dramatic gross chromosomal
rearrangements, as one would
expect of telomere capping
defects. It is unclear why this is the
case but a number of possibilities
exist. Perhaps, instead of
lacking telomere protection,
Apollo-depleted cells may fail
to rapidly extinguish the DNA
damage response that is normally
associated with telomere
replication. Extending the ‘DNA
damage phase’ of telomere
replication would be predicted to
result in most of the phenotypes
observed with Apollo knockdown.
This is an attractive possibility
considering that Apollo is likely to
be a 50–30 exonuclease that shows
activity towards both single- and
double-stranded DNA substrates,
irrespective of their sequences [10].
Whether this putative activity is
required for telomere protection
will await further investigations,
but assuming it does, how might
a seemingly destructive activity
(the nuclease) be harnessed to
promote telomere capping in S
phase? It is well established that
a universal feature of telomeric
ends is their 30 overhang [16,17].
Remarkably, in human cells, the
terminal sequence of the C strand
normally ends with an ATC-50
sequence [18]. This observation
suggests that cells process, in
a precise manner, the telomeric
C-strand following telomere
replication [17]. The specification
of the terminal base of the C-strand
may arise from either an
endonuclease that acts at
a particular recognition sequence
within the telomeric repeat
sequence, or an exonuclease
whose activity halts at a specified
sequence, possibly in a manner
dependent on shelterin
components [17]. As the
generation of the proper 30
overhang is essential for formation
of the t-loop, and possibly other
activities borne by shelterin, one
can easily imagine how a defect in
chromosome end processing may
result in a DNA damage signal.
Apollo is certainly an interesting
candidate for such an activity and
no doubt this possibility is currently
being explored.References
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